the effects of ac supply resistance --a parameter that is usually neglected in rectifier analysis due to the predominance of reactance limited 60 Hz ac supplies. A mathematical treatment is given beginning from fundamentals and concludes with a FORTRAN solver for the general three phase controlled bridge circuit with a large dc inductive load. The analyses covers the range of x/r (ac reactance/ac resistance) ratios from zero to infinity.. The x/r ranges where ac resistance has significant effects on the commutation angle and on the dc voltage are identified. The purpose of t h i s study i s t o p r e s e n t t h e mathematical r e l a t i o n s h i p between t h e v a r i a b l e s t h a t d e s c r i b e a 3-phase bridge r e c t i f i e r w i t h a l a r g e i n d u c t i v e d c load. Although many r e f e r e n c e s d e s c r i b e t h i s c i r c u i t i n d e t a i l , t h e r e i s l i t t l e information a v a i l a b l e on t h e e f f e c t s of r e s i s t a n c e i n t h e ac lines. The mathematical t r e a t m e n t of t h e b r i d g e r e c t i f i e r presented h e r e accounts f o r t h e e f f e c t s of a c l i n e inductance and a c l i n e r e s i s t a n c e .
The issue of ac l i n e r e s i s t a n c e i s u s u a l l y neglected i n most r e c t i f i e r l i t e r a t u r e because it i s o f t e n assumed t h a t t h e r a t i o of ac l i n e r e a c t a n c e t o a c l i n e r e s i s t a n c e ( x / r r a t i o ) i s l a r g e . In t h i s s i t u a t i o n , t h e r e c t i f i e r c i r c u i t c h a r a c t e r i s t i c s of r e g u l a t i o n and commutation are almost e n t i r e l y determined by t h e r e a c t i v e p o r t i o n of t h e ac impedance.
This i s u s u a l l y t h e case i n high v o l t a g e c i r c u i t s because t h e r e q u i r e d spacing between conductors i n l i n e s and transformer windings c o n t r i b u t e s t o a high x / r r a t i o .
However, i n low v o l t a g e r e c t i f i e r c i r c u i t s t h e x / r f o r t r i a n g u l a r i z e d c a b l e may be less t h a n 2 f o r c a b l e s i n t h e 250 -1000 MCM range a t 60 Hz. T r i a n g u l a r i z e d 4 / 0 c a b l e may have an x/r as low as 1/2. Three phase r e c t i f i e r s i n t h e 0 -2 kW range are u s u a l l y d r i v e n by a transformer w i t h an x / r r a t i o between 0.2 and 1.5.
In r e c t i f i e r c i r c u i t s where the o v e r a l l x / r i s t h i s low, t h e c l a s s i c a l r e a c t a n c e l i m i t e d r e c t i f i e r equations may given commutation a n g l e p r e d i c t i o n s of more t h a n 50% e r r o r .
I n t h i s study t h e equations f o r a r e c t i f i e r d r i v e n by a r e a c t i v e -resistive a c system are derived. r e s i s t a n c e plays a s i g n i f i c a n t r o l e i n c i r c u i t c h a r a c t e r i s t i c s i s t h e n i d e n t i f i e d .
The range of x/r where
Procedure
The procedure f o r s o l v i n g t h e 3-phase b r i d g e r e c t i f i e r c i r c u i t i n v o l v e s c i r c u i t a n a l y s i s and mathematics. C i r c u i t a n a l y s i s i s used f o r two purposes: f i r s t , t o c o n s t r u c t t h e fundamental d i f f e r e n t i a l equation t h a t d e s c r i b e s t h e switching of ac l i n e c u r r e n t from one SCR t o a n o t h e r SCR (commutation); and secondly, c i r c u i t a n a l y s i s i s used t o determine t h e i n t e g r a t i o n c o n s t a n t i n t h e s o l u t i o n t o t h i s d i f f e r e n t i a l equation. Laplace transform mathematics i s used t o s o l v e t h e d i f f e r e n t i a l equation.
The f i n a l mathematical r e s u l t s are coded i n t o a FORTRAN 77 program t o s t u d y r e c t i f i e r behavior as af u n c t i o n of ac source impedance. The circuit of the rectifier under study is shown in Pig. 1. This analysis is based on steady state operation. The ac line current waveforms are shown in Fig. 2 for a predominately inductive ac supply. The instantaneous dc voltage waveform is constructed from the rectified sine curves shown in Fig. 3 . An increase in ac line inductance or resistance will result in a reduction in the average dc voltage for a fixed dc load current. The dc load current may be held constant by appropriately decreasing the dc load resistance as the ac impedance is increased. An increase in ac resistance results in a decrease in the commutation angle as opposed to an increase in commutation angle that results from an increase in ac line inductance. This is because an increase in ac resistance effectively shortens the time constant of the ac system.
The Commutating Circuit
The mathematical modeling of the commutation process forms the basis of rectifier analysis. The commutation circuit for two arbitrary SCR's is shown in Fig. 4 . around the commutating loop gives the differential equation:
The KVL (Kirkoff voltage law)
The commutating current is subject to the conditions where a and u are the SCB firing angle and cornmutation angle, respectively. inductive dc load so that The dc load current Id is constant because of the large 
(7)
Solving for I(S) gives A partial fraction expansion of Equation (8) gives:
The inverse Laplace transform of Equation ( 9 ) gives:
Using the variable definitions on Page iv and expressing the current in terms of electrical angular time, Equation (10) can be written:
Equation (11) is the solution to the commutation loop differential equation [Equation (111.
Circuit Constraints and Final Solution For The Commutation Angle
The solution for the commutating current i(e) in Equation (11) is subjected to the constraints
Substitution of Equation (12) into Equation (11) gives the integration constant as Substitution of Equation (13) into Equation (11) and using the expression for C1 in Equation (14) gives:
-5 -Rearranging of these terms gives a final expression in the commutation angle u in terms of a, ELL, x, rl, and Id:
Equation (16) is one of the two key equations that define the solution to the rectifier circuit. The second equation involves the average dc voltage and is derived in the following section.
. Derivation of the DC Voltage Equation
The dc voltage is calculated by taking the mean of the instantaneous dc voltage waveform over one cycle of fundamental rectifier ripple frequency ( 3 6 0 Hz). Each cycle is composed of a commutation interval and a conduction interval. Referring to Fig 
Substitution of Equations ( 2 0 ) and ( 2 1 ) into Equations ( 1 7 ) and (18) gives :
Integration of Equation ( 1 9 ) then gives Equation ( 2 4 ) expresses the time average dc rectifier voltage as a function of the dc load current and circuit parameters. and ( 2 4 ) constitute the solution to the 3-phase controlled rectifier circuit driven by a reactive-resistive ac supply.
Equations (16) The derivation of the ac rms line current is very tedious because of the complexity of the commutating current expression in Equation (11). commutating interval in the first steps of the derivation. This work is omitted here, however, approximate expressions for the ac rms This expression must be squared and integrated over the current are given for the purely reactive case in standard references [ l l . The final rectifier Equations (16) and (24) must satisfy a limit requirement. known standard formulae for a 3-phase bridge rectifier driven by purely reactive system. ratio approaching infinity (rl -f 0 0 ) . Equation (16) becomes These two equations should simplify to the well The limit of interest is the AC system x/r As this limit is approached,
Equations (25) and (26) [4] . A listing of RECl.FOR with input and output files is shown in Appendix A. In the example run, a rectifier is driven by a 24.7 V 3-phase supply with an x/r ratio of 1.8 and a dc current of 3700 A. The program is directed to solve for the dc voltage (ans.: 29.9 V) and the commutation angle (ans.: 21.9 degrees). by setting x/r = 50, the new solution for the dc voltage and commutation angle is 31.2 V and 29.2 degrees, respectively. Several runs were made on the computer to determine the behavior of the rectifier circuit as the x/r ratio is changed. It is found that the general solution of the rectifier circuit is roughly independent of the x/r ratio for values greater than five. For x/r < 5 the parameter that is most effected is the commutation angle. An increase in ac resistance shortens the time constant of the ac system -in effect making the ac system "stronger" in terms of response. therefore require less time to commutate for the same dc load current. Fig. 6 shows a graphical compilation of computer runs where the commutation angle and dc voltage are plotted as a function of x/r ratio while holding the dc load current constant.
LE the ac system is made predominately reactive
The SCRs, -8 -
. 3 Phase Shifted Rectifier Circuits
Resistance in the ac lines seems to play a special role in determining commutation angles in the case of phase shifted rectifiers. The resistance referred to here is that of the main feeder circuit that supplies a set of phase shifting rectifier transformers. Specifically, it is suspected that the commutation angle of a rectifier is partially dependent on the amount of phase shift. It is clear that the solution Equations ( 1 6 ) and ( 2 4 ) cannot be the exact solutions for a rectifier that is phase shifted but may only be good approximations. mathematical analysis of such a circuit showing how the feeder resistance effectively couples the rectifier circuits appears to require a considerable effort. In place of this approach, the following discussion is presented only to identify an effect on commutation that appears to be unique to phase shifted rectifiers.
A formal
In order to obtain dc power supplies with a pulse number greater than six, several 3-phase bridge rectifiers can be connected in series where the ac circuits that drive each rectifier are phase displaced from each other. The phase shifting is accomplished with various types of transformer connection schemes that are connected to one primary 3-phase circuit --either from a synchronous generator or the utility line. This is standard practice for the main magnet power supplies of the AGS, the AGS Booster, and many other smaller dc supplies. A simple example of a 12-pulse power supply is shown in Fig.  7 with two rectifier transformers shifting their circuits 4-15 and -15 degrees, respectively. Assuming that the dc outputs are connected in series and that the commutation angle is less than 30 degrees, it is then established that there is only one commutation in progress at any given time among both rectifiers. This means that when one rectifier has a commutation in progress the other rectifier currents are in a dc state. These dc currents cause IR drops in two of the three phases in the main 3-phase feeder circuit resistances. It appears as if these IR drops can either add to or subtract from the commutating voltage depending on whether the phase shift is ahead of or behind the primary ac supply. This would effectively make the commutation angle a function of the phase shift angle along with the other variables such as load current, firing angle, ac voltage, and ac impedance.
The IR drops in the commutating circuit that are phase shift dependent are identified in the circuit diagram in Fig. 8 . This illustration shows the 3-phase equivalent circuit of the 12 pulse power supply in Pig. 7. The commutating loop equation is written in the standard manner with the primary ac voltages and the phase shifting voltages a11 represented by one source during he commutation interval. The resulting KVL around the commutating l o o p written in Fig. 8 appears normal except for the last term. The polarity of this term appears to depend on whether the rectifier circuit is shifted ahead or behind the primary ac source. Also, if the phase shift is zero, the commutation equation assumes the standard form as in Equation (1).
If the commutation angle is partially dependent on the phase shift angle, then it follows that such a power supply must produce subharmonic ripple voltages on the dc side even if the ac supply is perfectly balanced in voltage magnitude, phase, and impedance. In the case of a series connection of 3-phase bridges, a 360 Hz ripple voltage and its integer multiples would have to be present in some magnitude regardless of the pulse number of the whole power supply. In the case of the power supply in Fig. 7 , the fundamental ripple voltage is 720 Hz, however, the coupling effect of the resistance in the primary feeder would cause a 360 Bz ripple voltage to appear at the dc terminals. This is a consequence of the commutation angles of the two rectifiers being different. The magnitude of the subharmonic ripple voltage would depend on the reactance and resistance of the main feeder circuit and the individual rectifier circuits. A hypothetical zero resistance primary feeder circuit would eliminate the coupling effect and all associated subharmonics below the fundamental ripple frequency at the dc terminals.
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. O CONCLUSIONS
The exact solution for the 3-phase bridge rectifier is expressed in Equations (16) and ( 2 4 ) . These expressions are derived for a large inductive dc load and account for ac supply reactance and resistance. Numerical solutions for practical SCR bridge rectifier problems can be obtained by coding these equations into FORTRAN and using computer library solvers (IMSL) to find the required zeros. Any PC mathematical package that can solve two simultaneous transcendental equations for any two for the seven variables would also be sufficient. If the ac x/r ratio is greater than 5, computer work is unnecessary as Equations (16) and ( 2 4 ) can be solved by hand. For x/r < 5 simplifications or approximations are not apparent and computer work seems to be required. The solutions of these rectifier equations may be used for voltage, current, and power calculations or to determine commutating reactance and ac resistance from accurate ac and dc line meter readings. Commutating angle and SCR firing angle may also be computed and used as input for dc voltage and current ripple calculation routines. 0001  0002  0003  0004  0005  0006  0007  0008  0009  0010  0011  0012  0013  0014  0015  0016  0017  0018  0019  0020  0021  0022  0023  0024  0025  0026  0027  0028  0029  0030  0031  0032  0033  0034  0035  0036  0037  0038  0039  0040  0041  0042  0043  0044  0045  0046  0047  0048  0049  0050  0051  0052  0053  0054  0055  0056 0058  0059  0060  0061  0062  0063  0064  0065  0066  0067  0068  0069  0070  0071  0072  0073  0074  0075  0076  0077  0078  0079  0080  0 0 8 1   0082  0083  0084  0085  0086  0087  0088  0089  0090  0091  0092  0093  0094  0095  0096  0097  0098  0099  0100  0101  0102  0103  0104  0105  0106  0107  0108  0109  0110  0111  0112  0113 _ -j.
--EXAMPLE RUN -SOLVE FOR VD AND U -- . . .
